We investigate the effects of AGN feedback on the colour evolution of galaxies found in local (z < 0.2) groups and clusters. Galaxies located within the lobes of powerful Fanaroff-Riley type II (edge-brightened) sources show much redder colours than neighbouring galaxies that are not spatially coincident with the radio source. By contrast, no similar effect is seen near FanaroffRiley type I (core-dominated) radio sources. We show that these colours are consistent with FR-IIs truncating star formation as the expanding bow shock overruns a galaxy. We examine a sample of clusters with no detectable radio emission and show that galaxy colours in these clusters carry an imprint of past AGN feedback. AGN activity in the low-redshift Universe is predominantly driven by low-luminosity radio sources with short duty cycles. Our results show that, despite their rarity, feedback from powerful radio sources is an important driver of galaxy evolution even in the local volume.
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Galaxy selection
Photometric redshifts
Galaxies located near radio sources were selected from SDSS. In this paper we are interested in the effects of radio sources on photometric properties of galaxies, and a photometric (rather than spectroscopic) sample was therefore employed. While this greatly increases sample statistics, care must be taken in assessing the accuracy of photometric redshift estimates. In Figure 1 we plot spectroscopic and photometric redshifts for a subsample of Comparison of spectroscopic and photometric redshifts for galaxies near 33 radio sources. The measurements agree within photometric redshift uncertainties for the bulk of the sample at z ≥ 0.05, but diverge at lower redshift.
161 galaxies, derived from the SDSS pipeline. The photometric redshifts are estimated using template fitting. These spectral energy distribution templates are obtained using galaxies with spectroscopic identifications, and extended with spectral synthesis models (Adelman-McCarthy et al. 2007 ). Photometric redshifts are in good agreement with spectroscopic values for z ≥ 0.05, with most values agreeing within the uncertainties of photometric measurements. This agreement disappears at low redshifts. In our sample, 12 of 21 FR-I radio sources have z < 0.05, compared to only 11 of 72 FR-IIs. This is a known issue with the SDSS pipeline (Adelman-McCarthy et al. 2007) , and is related to the inherent difficulty in getting spectroscopic redshifts to be more accurate than ∆z ∼ 0.02. It is therefore important to consider whether any systematic effects are introduced into the analysis by adopting photometric redshifts. Specifically, there are three crucial considerations: completeness of the sample, contamination, and selection biases.
Completeness
An estimate of how many bona fide group members are not picked up by our photometric identification procedure comes from comparing galaxy counts obtained using spectroscopic and photometric redshifts. We selected all spectroscopically identified galaxies projected to be in or near the 26 largest radio sources in our sample. The true number of galaxies associated with the group was estimated by requiring that the spectroscopic redshifts of group members were not offset from the redshift of the radio source host by more than ∆z = 0.02.
This ∆z is the optimal tolerance value: relaxing the redshift restriction (by increasing ∆z) in Figure 2 . Photometric sample completeness for galaxies near large radio sources. Spectroscopic and photometric methods select galaxies in a similar way at z ≥ 0.04. The photometric samples can be significantly incomplete (as low at 30%) at lower redshift. Only groups with more than one spectroscopic identification are shown.
an individual group does not change the number counts appreciably; however, decreasing ∆z
gives an appreciable decrease in the number counts, indicating that some group members are being excluded. The number of photometric matches was then obtained by requiring that the spectroscopic redshift of each galaxy lay within the photometric 1σ uncertainties. Figure 2 shows the redshift dependence of the photometric-to-spectroscopic matching rates. At z ≥ 0.04 the completeness is close to unity. At z < 0.04 the completeness can be as low as 30 percent.
Contamination
Incorrect redshifts can also result in inclusion of unrelated galaxies seen in projection.
The largest radio source in our sample, 3C 236, is 32 arcmin in size. At a redshift of 0.1, and with a redshift uncertainty of 0.02, this corresponds to a co-moving volume of 960 Mpc 3 . For comparison, the local number density of groups has been estimated by Yang et al. (2005) to be around 10 −3 Mpc −3 . A similar number is obtained from simulations for the number density of local dark matter haloes with masses in excess of 10 13 M ⊙ . Most of these groups contain only a single member, with only 3 percent harbouring four or more galaxies (Yang et al. 2005) , and thus the expected contamination is of order one to a few galaxies. Since most groups subtend a much smaller solid angle on the sky than 3C 236, contamination is not expected to be a major issue in the present work.
Selection effects
It is important to examine whether adopting photometric redshifts preferentially selects against galaxies with certain properties. Galaxy properties are often a strong function of mass, and galaxy colours are of particular interest in the present work. We therefore investigated whether the offset between photometric and spectroscopic redshift values correlates with either colour or r-band magnitude (a proxy for stellar mass; e.g. Shabala et al. 2008) . We found no such correlations, suggesting that despite the lack of completeness at low redshift, photometric redshift identifications are suitable for our analysis.
It is further worth noting that because in our analysis below we compare similar galaxies inside and outside the radio contours, any major redshift-dependent systematic effects are unlikely. In the following we therefore include all galaxies for which the redshift of the target radio source lies within the uncertainty of the galaxy photometric redshift.
Classification
SDSS photometry was obtained for objects within a radius equal to 1.5 times the maximum angular extent of the radio source (column 5 in Tables 1 and 2 ) from the centre of the radio source. Galaxies with photometric redshifts matching the spectroscopic redshift of the radio source host (i.e. with z gal − σ z gal ≤ z radio ≤ z gal + σ z gal ) were retained for analysis. Radio maps were used to detemine whether individual galaxies are (in projection) located inside or outside the radio contours. Where available, high resolution radio source maps at 1.4-1.6
GHz (Leahy, Bridle & Strom 2000) were used. FIRST/NVSS maps at 1.4 GHz were adopted for the rest of the sources, with the exception of FR-I sources 3C 338 (4.89 GHz map used) and NGC 6109 (608 MHz). For these two objects, the lower resolution FIRST maps at 1.4
GHz show similar source size and structure to the above maps, and the higher resolution versions were therefore used. Examples are shown in Figure 3 .
FR-II sources
Galaxies lying within the radio source contours are subject to projection effects due to the uncertainty in radio source orientation. In other words, these galaxies could lie either immediately behind or in front of the radio emission, but appear to be coincident with this emission. This problem can be mitigated for the FR-II (classical double) radio sources.
These objects typically have cylindrical morphologies, at least in regions away from the hotspots. The aspect ratio R T between semi-major and semi-minor axes is given for each source in column 5 of galaxies lying within R def = D max /2R T of the radio cource centre will be immune from such a projection effect, since they fall within the radio cocoon regardless of the projection angle.
Projection effects due to uncertainty in galaxy position in redshift space are much harder to quantify. However, as most radio AGN reside in cluster centres and are quite extended in the direction perpendicular to the jet (i.e. R def is comparable with the cluster core radius),
we expect the majority of the galaxies that appear to lie within R def of the cluster centre to do so.
Motivated by these considerations, we separated galaxies associated with FR-II radio sources into three categories. Galaxies lying outside the radio emission (in projection) were allocated to the "outside" group. Galaxies projected to lie within the radio source contours but outside R def of the cluster centre were placed in the "mixed" group. Some of these would presumably be physically coincident with the radio emission, while others won't.
Finally, galaxies located within R def of the cluster centre were placed in the "inside" group.
These correspond to objects that are very likely to have been overrun by the radio sourceonly galaxies located well away from the cluster core but seen close to the line of sight to the core can contaminate this sample.
FR-I sources
It is much more difficult to perform a similar analysis for the edge-darkened FR-I sources.
These primarily consist of two types of objects which are often referred to in the literature as twin-jet radio AGN and relaxed doubles.
The former initially appear as two jets emanating from the central engine. The jets are eventually disrupted (usually at a well-defined flare point), and at larger radii the radio emission turns into a plume due to interaction with the intra-cluster medium. 3C296 is a classical example of this type of source. We include narrow and wide-angled tail galaxies (e.g. 3C264) in this subclass of FR-Is, since these are most likely twin-jet radio sources that have been swept up by interaction with the ICM through which they are travelling.
Relaxed doubles are sources in which radio emission declines gradually with radius, in a quasi-radially symmetric fashion. These objects do not exhibit any compact structure, with 3C84 being a famous example.
We identify R def with the flare point for twin-jet sources, and with half the maximal radial extent (i.e. R def = D max /4) for relaxed doubles. The galaxies associated with FR-I radio sources are then split into "outside", "inside" and "mixed" regions in exactly the same way as those near FR-IIs. As we show below, FR-Is do not appear to exhibit any difference in properties between the three classes, suggesting our classification is adequate.
RESULTS
The major purpose of this work is to study the effects of radio sources on photometric properties of galaxies, and in particular galaxy colours. We therefore stacked all galaxies into the three groups outlined above. Around FR-II radio sources this yielded 58 galaxies in the "inside" category, 6678 in the "outside" group, and 318 in the "mixed". For FR-Is, 27 galaxies were found in the "inside" group, 2149 in the "outside", and 36 in "mixed".
Galaxy colours
Galaxy properties such as colour are a strong function of mass, with massive galaxies preferentially being redder. We therefore restricted our analysis to objects within a well-defined mass range 10 8 ≤ M ⋆ ≤ 10 10 M ⊙ . Stellar mass was approximated via the r-band absolute magnitude, assuming that the solar bolometric correction is applicable (see Shabala et al. 2008 for details).
In Figure 4 we plot the cumulative distribution of (u − r) k-corrected colours for the three groups, stacking galaxies around all radio sources in our sample. There is a clear offset between the "inside" and "outside" groups, with the "inside" galaxies exhibiting redder colours.
Splitting up the sample into FR-I and FR-II radio sources ( Figure 5 ), it can be seen that this colour difference is driven exclusively by the FR-II population. In other words, FR-IIs appear to affect their environment, while FR-Is do not. These conclusions are confirmed by Komogorov-Smirnov (KS) tests, with the observed FR-II offset being statistically significant at the 2.5% level, and no statistically significant differences found for FR-Is.
Mass distribution
Care must be taken in interpreting these results. All radio sources in our sample are located at the centres of groups or clusters. Mass segregation means that galaxies near the cluster centres (and therefore more likely to have been classified in the "inside" category) will be (u − r) colour distributions for galaxies around radio sources. The colours are corrected for mass distribution in the range 10 8 ≤ M⋆ ≤ 10 10 M ⊙ . Solid lines correspond to corrected distributions; dashed lines of the same colour to uncorrected ones. The corrections are negligible for FR-IIs, and the colour offset remains statistically significant for this subsample. For FR-Is the corrections are more significant due to smaller number statistics, however as in Figure 5 there is still no difference in colour distribution between the three groups.
more massive, and therefore redder. Figure 6 shows that this is indeed the case for both the FR-I and FR-II samples.
We correct for this effect in two ways. Firstly, our analysis is restricted to galaxies with M ⋆ < 10 10 M ⊙ . In other words, the most massive, red galaxies that would drive redder colours for the "inside" category are excluded. Furthermore, we break up the 10 8 ≤ M ⋆ ≤ 10 10 M ⊙ mass range into bins and weigh the colours by the ratio of number counts between the category of interest ("inside" or "mixed") and the control sample ("outside"). To put it another way, we mimic the mass profile of the "outside" category. Figure 7 , confirmed by KS tests, shows that our findings are robust to these corrections.
The results of Section 3 appear to suggest that FR-II and FR-I radio sources interact with their environments in entirely different ways. A large body of observational evidence suggests that FR-II sources grow by driving large-scale bow-shocks (e.g. Fabian et al. 2003 , Croston et al. 2009 ), sweeping up the ambient gas as they proceed. Shock heating and gas uplifting away from the centre of the potential well are seen in analytical models and numerical simulations (Kaiser & Alexander 1997; Heinz et al. 1998; Basson & Alexander 2003) , and are in fact necessary to solve the cooling flow problem (Binney & Tabor 1995) and reconcile observations of the local stellar mass function with galaxy formation models (Shabala & Alexander 2009b ).
While the impact of powerful (i.e. FR-II) radio source feedback on cluster gas is well understood, it is not immediately obvious that such feedback can affect individual galaxies in a similar way. A propagating bow shock will compress and shock heat both the atomic and molecular gas reservoirs that it overruns. If the local gas density is above some critical value, the gas clumps will become radiative (e.g. Sutherland & Bicknell 2007 ) and the shock can in fact enhance star formation, rather than suppress it (Antonuccio-Delogu & Silk 2008). It is a different story if one is concerned with diffuse H I gas reservoir, however, which is more susceptible to both shock heating (due to longer cooling times) and uplifting.
FR-I radio sources start their lives as FR-IIs, but have their jets disrupted by interaction with the dense interstellar/intergalactic medium. As a result, the bow shocks typically do not propagate far outside the host galaxy, and it is difficult for FR-Is to affect their environment other than by turbulent mixing of the radio plasma with the cluster gas. The findings of the previous section strongly suggest that it is the propagation of the bow shock that is responsible for the redder colours of galaxies. The exact feedback mechanism (i.e. heating or gas expulsion) is not important to the present discussion. Either way, FR-IIs provide a way of suddenly depleting a reservoir of gas previously available for star formation.
Feedback model
Star formation and colours
We set out to test whether gas heating/removal associated with an FR-II radio source can explain the observed distribution of galaxy colours. The first step is to construct a star formation history for a galaxy unaffected by AGN feedback. Our modelling follows the prescriptions of Kaviraj et al. (2007) , which have proved very successful at describing the colour evolution of the early-type galaxy population. The star formation histories of galaxies are represented by an instantaneous burst of star formation at high redshift, followed by more gradual recent star formation. The old burst, in which most of the stars are formed, is characterized by its age t 1 , typically 5 − 10 Gyrs (e.g. Kaviraj 2009 ). Recent star formation is parametrized by the age of the burst t 2 , the timescale associated with star formation τ dyn and the initial gas fraction f gas,0 available for recent star formation at time t 2 .
The star formation rate is given by the Schmidt-Kennicutt law,
with star formation efficiency ǫ = 0.02 and dynamical timescale τ dyn = 0.05 Gyrs. Apart from being physically sensible, Kaviraj et al. (2011) find that these values reproduce the observed number counts of blue cloud and red sequence galaxies. We note that, being an empirical relation, the Schmidt-Kennicutt law implicitly includes the effects of supernova feedback on star formation. Equating the star formation rate with the rate of change of gas mass yields
where f gas,0 is the initial gas fraction in the galaxy at time t 2 . Stellar population synthesis models can then be used to infer the colour evolution of the galaxy. We adopt the Bruzual & Charlot (2003) models with a Salpeter Initial Mass Function (IMF). Galaxy colours are computed from luminosities, adding up contributions from the old underlying stellar population and the more recently formed stars. Figure 8 shows example tracks for (u − r) colour evolution with t 1 = 9 Gyrs, t 2 = 6 Gyrs, f gas,0 = 0.07 and metallicities of Z = 0.2 and 1Z ⊙ .
Comparison with Figure 5 shows that the model and observations span a similar range in colour. In reality, the parameters t 1 , t 2 , f gas and Z will differ from galaxy to galaxy. We follow the study of local LIRGs by Kaviraj (2009) in adopting distributions for t 1 and t 2 . The probability distribution in the old burst timescale t 1 spans the range 4.8 − 8.8 Gyrs, rising linearly from these values towards a peak at 6.8 Gyrs. The timescale t 2 associated with the onset of recent star formation is modelled with a flat prior to an age of 2.8 Gyrs.
While it is true that these distributions found for LIRGs may not apply to our more general galaxy population, we believe that we can be justified in adopting these. The (u − r) colours are primarily driven by the u-band luminosity evolution of the young stellar population, and are therefore not very sensitive to the old burst age. As Figure 8 shows, the colour evolution is relatively slow for t 2 > 1 Gyr, and we therefore do not expect the exact form of the prior on t 2 to affect our results either. Importantly, while we adopt a log-normal 2 form for the distribution of the initial gas graction f gas,0 , the normalization is left as a free parameter used to match the observed colours in unaffected (i.e. "outside") galaxies in our sample. Figure 9 shows the best-fit models to (u−r) colours for the "outside" galaxies near FR-II radio AGN. A range of metallicities is considered. Reasonable gas fractions of < f gas,0 >= 0.07 and σ log f gas,0 = 1.0 reproduce the bulk of the observations. These values are consistent with the observed gas fraction ∼ 0.1 in local early-type galaxies (Kaviraj 2009 ). The very blue and very red galaxies are not very well reproduced by the models, most likely due to a number of contributing factors. It is possible that we have not encompassed the full range of metallicities or old starburst ages. As Figure 9 shows, up to a 0.5 dex offset in (u − r) colour can arise due to a change in metallicity. Alternatively, tidal stripping effects not considered here may be important: accreting galaxies would exhibit enhanced star formation, while the stripped companions would appear redder. An intriguing possibility for the origin of the reddest galaxies, discussed in Section 4.5, is that these carry an imprint of previous AGN outbursts. We note that, overall, the models fit the bulk of the sample well.
Modifying the scatter changes the overall slope as well as shape in the middle of the (u − r)
No feedback Figure 9 . (u − r) model colour distributions without AGN feedback. Thick black solid line corresponds to observations of galaxies lying outside the FR-II radio sources. Thick red solid line shows observations of galaxies that have been overrun by FR-II radio sources. Dashed and dotted lines denote various models, with mean initial gas fraction fixed at < f gas,0 >= 0.07 but varying scatter about this value and metallicity. While a good fit can be obtained for the bulk of the "outside" galaxy population, no reasonable gas fraction distribution can reproduce the colours of galaxies affected by FR-II feedback.
distribution, but does not systematically shift all galaxies to either redder or bluer colours.
The redder colours of "inside" galaxies in our sample can only be achieved with very low gas fractions, a requirement that is both at odds with the observed gas fraction values in the local volume (Kaviraj 2009 ) and the gas fractions required to explain the colours of unaffected galaxies (lying in the "outside" group) in the same clusters.
AGN feedback
In our simple model we assume that the effect of a poweful AGN (such as an FR-II) is to starve the galaxy of gas previously available for star formation. The galaxy star formation history is therefore identical to that described above, except for a sudden truncation a time t AGN ago, where t AGN is the time since an AGN-driven shock has overrun the galaxy.
Since typical lobe expansion speeds for classical double radio sources are of the order of a few percent of the speed of light (Alexander & Leahy 1987) , and most galaxies that are definitely affected by the AGN lie relatively close to cluster centre by construction (see Section 2.2),
t AGN approximately corresponds to the current age of the radio source.
In Figure 10 we show the impact of including this mode of feedback in our best-fit models. Models with AGN ages of 10 − 100 Myrs do a good job of reproducing the data.
These timescales are consistent with a median FR-II age of 44 Myrs in our sample, and provide strong evidence that it is the depletion of the gas reservoir by an expanding FR-II radio source that drives the colour evolution of affected galaxies.
Recurrence timescales
In preceding sections we have shown that powerful FR-II radio sources can (and do) affect the evolution of galaxies outside their hosts. It is important to understand how long-lasting such effects are, and whether they are important to the interplay between gas heating and cooling.
To address this question, we need to know how often powerful radio sources are triggered. Shabala et al. (2008) studied a complete radio/optical sample of local galaxies, and concluded that around 1 percent of the most massive (M ⋆ > 3×10 11 M ⊙ ) galaxies host AGN with 1.4 GHz luminosity in excess of 10 25 W Hz −1 , which approximately corresponds to the separation luminosity between FR-Is and FR-IIs (Owen & Ledlow 1994) . Given maximum FR-II lifetimes of 10 − 100 Myrs, this suggests that a typical massive galaxy will launch between one and a few FR-II outbursts in a Hubble time, with the typical time between outbursts of order a few Gyrs.
The passing bow shock will both sweep up and heat the gas. The time delay before this gas is once again available for star formation is therefore equal to the sum of the cooling time t cool and the timescale associated with reincorporation of this gas in the galaxy t return . The cooling time is a function of gas temperature and density, t cool ∼ 70 reincorporation timescale is typically longer than this, being comparable to the dynamical timescale for the dark matter halo hosting the cluster, t return ∼ 0.2
Gyrs at the present epoch. These numbers suggest that FR-II outbursts in clusters can indeed prevent galaxies from forming stars despite the relatively infrequent, short-term nature of these outbursts.
Quiescent clusters
The timescales of star formation suppression can also be examined observationally. For this purpose we employed a sample of 16 clusters with no detectable radio emission at 1.4 GHz, as described by Dunn & Fabian (2008) and Dunn et al. (2005) . We split these clusters into regions in an attempt to mimic the process for FR-II host clusters. This is done by weighing the R cocoon and D max values (see Section 2) for each cluster hosting an FR-II by the number of galaxies contained within that radius, yielding mass-weighted averages for these quantities. Figure 11 shows the resultant colour distribution for the three regions. There is a clear difference between galaxies located close to cluster centre and those on the periphery, even after the usual mass corrections are performed.
It is interesting to compare the radio source and quiescent samples. In Figure 12 we plot colour distributions for the same regions in FR-I, FR-II and quiescent clusters, adjusting the (u − r) colours for quiescent clusters and radio AGN hosts. The AGN data have been corrected to match the mass distribution of the quiescent sample. Quiescent cluster galaxies are redder than those in both FR-I and FR-II clusters in the "outside" regions. In the "inside" region, FR-II galaxies are redder, while FR-I galaxies are bluer than the quiescent ones. These findings are consistent with a picture in which quiescent clusters are still affected by past AGN feedback, despite the absence of detectable radio emission.
mass distributions in clusters with radio sources to mimic those for the appropriate quiescent samples.
Galaxies in clusters which contain FR-I radio sources are consistently bluer than those in the quiescent cluster sample. By contrast, FR-II galaxies are marginally redder that the quiescent sample (and both much redder than the FR-I sample) in the "inside" region; bluer in the "mixed" region; and bluer still in the "outside" region, where the FR-I and FR-II distributions are statistically indistinguishable.
At face value, these findings are somewhat surprising. If galaxies in the quiescent cluster sample are unaffected by AGN feedback, we would expect these to have bluer colours that the FR-II sample at all radii, and perhaps even bluer colours than the FR-I galaxies if these suffer any (perhaps low-level) feedback. The results make perfect sense, however, if quiescent clusters represent a population which has undergone past AGN outbursts and has not yet regained all of the ejected/heated gas.
In this picture, an FR-II AGN is triggered, heating and ejecting gas from galaxies within the cluster. This gas cools and returns on timescale t cool + t return . Since FR-II lifetimes are at least an order of magnitude less than the gas return timescale (Section 4.2), it is possible that the AGN activity terminates long before the cool gas is returned to the cluster. The cluster can then appear quiescent, but still be very much affected by the recent AGN outburst, consistent with the idea that radio sources can affect their host cluster on timescales much longer than the duration of the active phase (e.g. Fabian et al. 2003 , Shabala & Alexander 2009a ). Alternatively, the observable AGN signature could disappear while still undergoing feedback.
By contrast, clusters hosting radio sources must have had sufficient fuel to feed the central AGN for the past t AGN . Since t AGN ≪ t return , the radio source triggering-and, by extension, the return of the cool gas-must have happened recently. This explains the bluer colours of galaxies in clusters which host a radio source in the "outside" and "mixed" regions. The
"inside" region of FR-II lobes is by definition affected by feedback (since it is the volume which has definitely been overrun by the radio lobes), and is therefore devoid of gas. It is likely that these galaxies simply have not had the time to form new stars before the gas was blasted out again by the latest AGN outburst, explaining why their colours are similar to those for the quiescent sample. The marginally redder colours of galaxies in FR-II clusters are likely due to a slightly longer time since the last burst of star formation than in the quiescent sample.
Persistence of radio emission
The quiescent cluster sample was selected on the basis of a lack of 1.4 GHz radio emission. It is not immediately clear what physical condition this corresponds to. Radio sources undergo significant dynamical evolution, increasing in size and typically decreasing in luminosity after a few Myrs (Alexander 2000) . Radio telescopes are surface brightness limited, a quantity that depends on both source size and luminosity, Σ = FWHM. At some point in its evolution a radio source can become dim and diffuse enough to no longer be detected in surveys. This can happen both as the AGN jet causes expansion of the radio cocoon, and after the jet terminates. Many clusters host radio bubbles (e.g.
as the radio lobes are pinched by Kelvin-Helmholtz and Rayleigh-Taylor instabilties. The radio plasma in the bubbles is underdense, and these therefore rise buoyantly through the cluster at a speed comparable with the sound speed, sweeping up cluster gas as they do so (Churazov et al. 2001) . If undisturbed, these bubbles can take a few Gyrs to reach cluster periphery. It is therefore important to ask is over what fraction of their lifetime the active radio AGN and bubbles are detectable in radio emission.
The electron population emitting at 1.4 GHz is subject to energy losses via synchrotron emission, adiabatic expansion, and Inverse-Compton upscattering of CMB photons. Radio bubbles are typically > 100 Myrs old, a time when Inverse-Compton losses begin to dominate the radio luminosity. Kaiser & Best (2007) give L ∝ R Using the luminosity-size relation,
where R 0 and L 1.4GHz,0 are the radius and luminosity at reference time t 0 . Source age is related to size via an appropriate dynamical model; this age can be written as t = t 0 (R(t)/R 0 ) x . In the case of an active radio source, Kaiser & Alexander (1997) give x = 3/(5 − β), while for an inactive bubble x = 2/(6 − β) (Kaiser & Cotter 2002) . This yields the maximum observable lifetime of Shabala et al. (2008) derive ages and jet power for a complete sample of local radio galaxies. Here, we identify the largest, oldest sources with the jet termination phase, and therefore set t 0 = 100 Myrs, R 0 = 200 kpc, L 1.4GHz,0 = 2 × 10 25 W Hz −1 . This yields t max = 2.5t 0 for the active, and t max = 5.8t 0 for the bubble phases. In other words, the radio source would become undetectable after a few hundred Myrs. This is significantly shorter than the gas return timescale, and therefore it is entirely possible that the "quiescent" clusters in our sample contain radio cocoons and/or bubbles undetectable in current largescale surveys, explaining the red colours of their galaxies. The bubbles can be disrupted by detection, the long gas return timescales imply that galaxies will appear red in such clusters for an appreciable fraction of the Hubble time.
Modes of feedback
In considering FR-II and FR-I radio sources separately, we have shown that two distinct modes of AGN feedback exist. Powerful events, which we identify with the FR-II phase, are relatively rare, but can affect their environment on cosmological timescales through gas heating and expulsion. On the other hand, the less poweful FR-I events are much more frequent (by as much as two orders of magnitude; Shabala et al. 2008) , but cannot affect the evolution of galaxies outside their own host. This is consistent with a picture in which FR-I sources start out as FR-IIs and are simply disrupted within the dense galaxy core. AGN counts in the local volume are dominated by these low-luminosity events, and are consistent with the AGN being triggered by cooling of gas out of the hot halo (Best et al. 2005b; Shabala et al. 2008) . Recently Shabala & Alexander (2009b) have shown that this low-level mode of feedback is sufficient to stop star formation in massive galaxies at late times and match the local stellar mass function.
Observations of the AGN fraction are insensitive to the duration of the active and quiescent phases of radio activity, instead only providing information on the ratio t active /(t active + t quiescent ). As discussed above, both these timescales will be significantly longer for FR-II events than for FR-Is. Galaxy colours, on the other hand, are sensitive to the absolute timescales, rather than just this ratio. It appears likely that the few very red galaxies in Figure 10 that cannot be explained by our simple model may reside in clusters which have hosted more than one powerful FR-II outburst. In this scenario, if re-triggering of the AGN in the FR-II host is facilitated by a sudden influx of cold gas (as would happen, for example, in a gas-rich minor merger), it can proceed without catastrophic cooling in other galaxies within the cluster. Repeated gas ejection outbursts are therefore possible without associated star formation. On the other hand, FR-I mode of feedback is quite different in that only the host galaxy is affected by the radio source. This means that gas must be supplied to the galaxy for another AGN outburst to take place, and the outburst will therefore usually be accompanied by circumnuclear star formation. These galaxies will typically appear bluer. Kaviraj et al. (2011) find that gas ejection is required to explain the colour evolution of early-type galaxies from the blue cloud to the red sequence. This could be provided by either of the two modes of feedback discussed here. However, it is difficult to envisage a scenario in which small-scale AGN outbursts can explain the colours of the reddest observed galaxies. Galaxies recently overrun by FR-II radio sources show no correlation between the radio source age and (u − r) colour, suggesting that the colours are only sensitive to AGN feedback on timescales exceeding typical radio source lifetimes of <∼ 100 Myrs.
SUMMARY
We present an analysis of galaxy colours around FR-I and FR-II type radio sources. We find that the less powerful FR-I radio sources cannot affect the colours of galaxies near AGN hosts; while galaxies overrun by expanding FR-II radio sources exhibit redder colours that are consistent with truncation of star formation following the passage of a radio source-driven bow-shock. We compare the FR-I and FR-II samples with galaxies located in clusters that
show no evidence of current AGN activity, and find that these quiescent clusters are redder than expected for a secular evolution scenario. Galaxy colours can be affected on timescales significantly exceeding the detectable AGN lifetime, and rare powerful AGN events thus play an important role in the colour evolution of local galaxies.
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